Strain typing using variable-number tandem repeats of mycobacterial interspersed repetitive units (MIRU-VNTR) is a powerful tool for studying the epidemiology and genetic relationships of Mycobacterium tuberculosis isolates. For this study, isolates from 291 patients in Singapore were genotyped by this method. One hundred sixty-six distinct MIRU-VNTR patterns were detected. One hundred sixty-two strains were grouped into 1 of 35 different MIRU-VNTR clusters and 131 isolates were unique. In this sample collection, 9 of the 12 MIRU-VNTR loci were moderately or highly discriminative according to their allelic diversities. The HunterGaston discriminatory index was 0.975, indicating the high power of discrimination of MIRU-VNTR typing. By direct comparisons with previously typed MIRU-VNTR patterns and by genetic relationship analyses, we could identify and clearly define four epidemic groups of M. tuberculosis in our sample, corresponding to the W/Beijing, East-Africa-Indian, Haarlem, and Delhi genotype families. Furthermore, MIRU-VNTR typing was able to clearly distinguish ancestral and modern M. tuberculosis strains as defined by TbD1 genomic deletion analysis. These results indicate that MIRU-VNTR typing can be a useful first-line tool for studying the genetic diversity of M. tuberculosis isolates in a large urban setting such as Singapore.
Tuberculosis remains a major infectious disease and causes high morbidity and mortality worldwide. Mycobacterium tuberculosis genotyping is a useful tool for the epidemiological surveillance and control of disease transmission. Although a large number of DNA-fingerprinting methods for typing M. tuberculosis isolates have been developed (15) , only IS6110 restriction fragment length polymorphism (RFLP) typing (5) and spacer oligonucleotide typing (spoligotyping) (14) have gained wide acceptance.
IS6110 typing is the most commonly used strain-typing method for M. tuberculosis. This method is based on variations among IS6110 insertion elements between strains. IS6110 typing has been shown to be reproducible and highly discriminatory (15) . However, there are several drawbacks of IS6110 typing. Firstly, it has poor discriminatory power for M. tuberculosis strains with low copy numbers of IS6110 (7, 15, 17) . Secondly, it requires relatively large quantities of purified DNA. Thirdly, it is time-consuming to perform and analyze. Finally, although a standardized methodology has been recommended (29) , it is difficult to compare IS6110 RFLP results between laboratories. This hinders global studies of M. tuberculosis epidemiology and transmission. Spoligotyping is a PCRbased method which detects the presence or absence of 43 spacers in the direct repeat locus of the M. tuberculosis genome. This has advantages over IS6110 typing in that it is faster and easier to perform, it is reproducible, and it requires only small quantities of DNA. However, the major drawback of spoligotyping is that it has a lower discriminatory power than IS6110 typing. In particular, this method is not informative in areas where the W/Beijing genotype family is prevalent, as most strains in this family share the same typical spoligotypes (3, 31) . Therefore, this method is of limited use as a first-line typing method (7, 15) .
A technique for strain typing of M. tuberculosis based on variable-number tandem repeats (VNTRs) of mycobacterial interspersed repetitive units (MIRU) has recently been introduced (18, 25) . This method makes use of the length variation at 12 independent minisatellite-like loci scattered throughout the M. tuberculosis genome. A number of studies have proven that MIRU-VNTR typing is a reliable and reproducible typing method that enables a level of discrimination between strains that is comparable to that of IS6110 typing (7, 18, 24, 26) . The ease with which this PCR-based method can be performed, its adaptability to high-throughput automation (26) , and the digital format of MIRU-VNTR patterns make this method suitable for the global study of the molecular epidemiology of M. tuberculosis. MIRU-VNTR typing also has a high discriminatory power for M. tuberculosis strains with a low copy number of IS6110 or that are devoid of IS6110 (7, 17, 24, 26) . Moreover, preliminary studies indicated that this method could also efficiently discriminate W/Beijing strains sharing the same spoligotypes (26; also unpublished data). Therefore, MIRU-VNTR typing may be particularly useful in geographical regions such as East and Southeast Asia where these strains are prevalent (1, 6, 8, 19-22, 28, 31, 32) .
An analysis of different groups of epidemiologically linked M. tuberculosis isolates has indicated that the stability of the MIRU-VNTR loci is adequate for the tracking of outbreak episodes, identification of laboratory cross-contamination, and discrimination between relapses and reinfections (12, 18, 23) .
One comparison study has suggested that MIRU-VNTR typing may be more suitable for defining epidemiologically related isolates than are IS6110 typing and spoligotyping (16) . Singapore is a Southeast Asian country with a heterogeneous population in which the majority is of Chinese origin and a substantial minority is of Indian origin. In order to evaluate the usefulness of MIRU-VNTR typing in Singapore, we genotyped M. tuberculosis isolates from 291 patients with tuberculosis in Singapore. Our results clearly demonstrate that MIRU-VNTR typing is a suitable approach for studies of the genetic diversity of M. tuberculosis in this region of the world. MIRU-VNTR PCR. We used fluorescently labeled PCR primers flanking each polymorphic MIRU-VNTR locus that were described by Supply et al. (26) , except that the MIRU 4 reverse primer was changed to 5Ј-GCG CAG CAG AAA CGC CAG C-3Ј (17) . Each MIRU-VNTR locus was individually amplified in a 50-l reaction volume in a 96-well PCR plate. The reaction mixture contained a 0.4 M concentration of each primer, a 0.2 mM concentration (each) of dATP, dCTP, dGTP, and dTTP, 1.5 mM MgCl 2 , 1ϫ Q solution, 1ϫ PCR buffer, 1 U of HotStartTaq DNA polymerase (Qiagen, Hilden, Germany), and approximately 5 to 50 ng of DNA. Thermocycling parameters were as described by Supply et al. (26) . PCR products were diluted and pooled together according to the sets described by Supply et al. (26) . However, those samples that were not properly analyzed in the pooled sets were then diluted for individual capillary electrophoresis.
MATERIALS AND METHODS

Clinical
MIRU-VNTR analysis. One microliter of diluted PCR products was mixed with 10 l of deionized formamide and 0.5 l of a Genescan ROX-2500 DNA size standard. Denatured samples were subjected to electrophoresis through a 36-cm-long POP-4 polymer capillary array with an ABI PRISM 3100-Avant genetic analyzer. The key parameters for capillary electrophoresis were as follows: run temperature, 60°C; prerun voltage, 15 kV; prerun time, 180 s; sample injection voltage, 1 kV; sample injection time, 15 s; run voltage, 13 kV; and run time, 2,600 s. The PCR products were sized by GeneScan and Genotyper software (Applied Biosystems) using the custom macro program of Supply et al. (26) . The tables used for MIRU-VNTR allele scoring are available at http://www .ibl.fr/mirus/mirus.html.
Phylogenetic analysis. PAUP (phylogenetic analysis using parsimony and other methods) software, beta version 4.0 (Sinauer Associates, Inc., Sunderland, Mass.), was used to perform phylogenetic analysis by the unweighted pair group method using arithmetic averages (UPGMA) algorithm and by treating alleles as categorical characters. TreeView (available at http://taxonomy.zoology.gla.ac.uk /rod/treeview.html) was used to print out the dendrogram generated by PAUP analysis.
The MIRU-VNTR allelic diversity (h) at each of the 12 loci was calculated by the equation h ϭ 1 Ϫ ⌺x i 2 , where x i is the frequency of the ith allele at the locus (11).
The Hunter-Gaston discriminatory index (HGDI) described by Hunter and Gaston (13) was used as a numerical index for MIRU-VNTR discriminatory power. HGDI was calculated by using the following formula:
where N is the total number of strains in the typing scheme, s is the total number of different MIRU-VNTR patterns, and n j is the number of strains belonging to the jth pattern.
TbD1 PCR. The PCR primer sequences flanking the M. tuberculosis specific deletion 1 (TbD1) region have been described by Brosch et al. (4) . PCRs were performed in 50-l reaction volumes in 96-well PCR plates. The reaction mixture contained the same PCR reagents as did the MIRU-VNTR PCR, except for the primers, and the reagents were used at the same concentrations as in the MIRU-VNTR PCR, except that 2.5 U of HotStartTaq DNA polymerase was used. The thermocycling conditions were as follows: after an initial denaturation at 95°C for 3 min, a touch-down program was used, including 10 cycles of denaturation at 94°C for 15 s, annealing at 59°C for 15 s with a 1°C decrease per cycle (to 49°C), and extension at 72°C for 4 min, followed by 30 cycles of 94°C for 15 s, 49°C for 15 s, and 72°C for 4 min. The reaction was terminated at 72°C for 10 min. PCR products were analyzed in 1% agarose gels. The amplicons were 2,638-and 485-bp long for the M. tuberculosis strains in which the TbD1 region was present and for the strains in which the TbD1 region was absent, respectively.
RESULTS
Genetic diversity of M. tuberculosis in Singapore. Using MIRU-VNTR typing, we analyzed 303 M. tuberculosis isolates from 291 patients. Twelve patients provided two samples. For each of the 12 pairs of duplicate samples, the IS6110 RFLP patterns were identical, and 10 pairs of duplicate samples also had the same MIRU-VNTR patterns (data not shown). For the remaining two pairs, distinct MIRU-VNTR patterns differing by one or two loci (pattern numbers 36, 37, 78, and 83 in Table 1 ) were obtained. This was confirmed by a blind repeat experiment. Patterns 36 and 37 corresponded to IS6110 lowcopy-number fingerprints, while patterns 78 and 83 corresponded to IS6110 high-copy-number fingerprints (data not shown). Among several explanations, these results might have been due to laboratory cross-contamination or to reinfection by a closely related strain in the two patients. Therefore, we considered that a total of 293 isolates were typed; 166 distinct MIRU-VNTR patterns, including 35 cluster patterns and 131 unique patterns, were identified (Table 1) ; 162 isolates fell into one of the 35 clusters and each of the cluster patterns was shared by 2 to 39 isolates. The discriminatory power of MIRU-VNTR typing was high (HGDI ϭ 0.975) for this M. tuberculosis sample collection.
By direct comparison, a number of the MIRU-VNTR patterns shown in Table 1 , e.g., patterns 4, 5, 10, 13, 62, 63, 66, 76, 86, 87, 97, 102, 149, 152, 153, and 155, were identical to one of the previously typed MIRU-VNTR patterns of the representative East-Africa-Indian (EAI), W/Beijing, and Haarlem family strains (15, 24, 26) . In addition, patterns 71 and 72 from Table 1 were identical to the novel "Delhi" M. tuberculosis strains identified in the Delhi region of India (2) that were recently typed by MIRU-VNTR typing (P. Supply et al., unpublished data).
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To confirm this grouping, we analyzed the TbD1 region by PCR. Brosch et al. (4) have reported that M. tuberculosis complex strains can be divided into ancestral or modern strains based on the presence or absence, respectively, of the TbD1 region. The TbD1 region is present in ancestral M. tuberculosis strains (such as EAI strains) but is absent from modern M. tuberculosis strains (such as W/Beijing, Haarlem, and Africa strains). Strikingly consistent with this, our TbD1 PCR results showed that all of the isolates in group I had the TbD1 region (TbD1 ϩ ) and all of the isolates in group II did not have the TbD1 region. Taken together, these results indicate that all of the isolates in group I correspond to ancestral EAI strains and all of the isolates in group II correspond to modern M. tuberculosis strains.
The ancestral EAI isolates accounted for 68 of the 293 strains (23.2%) and included 54 MIRU-VNTR patterns. Therefore, each of the EAI MIRU-VNTR patterns was shared by a mean of 1.3 isolates (68/54), and the HGDI for these isolates was 0.978, suggesting a high discrimination of MIRU-VNTR typing for EAI strains. The EAI isolates also appeared highly heterogeneous by an analysis of MIRU-VNTR genetic distances (Fig. 1) . Only 5 of the 12 loci (42%) had the same alleles between some isolates.
Among the modern M. tuberculosis isolates, W/Beijing and Haarlem isolates appeared well grouped by the MIRU-VNTR analysis (Fig. 1) . The eight representative MIRU-VNTR patterns of W/Beijing strains were scattered into two subgroupings which represented 161 of the 293 isolates. The isolates within each of the two groupings had the same alleles in at least 7 of the 12 loci (58%), while at least 6 loci (50%) had the same MIRU-VNTR alleles between all isolates in the two groupings, except for isolate 80. The four representative MIRU-VNTR patterns of Haarlem strains were included in a grouping which contained 20 isolates. These isolates had the same MIRU-VNTR alleles in at least 8 of the 12 loci (67%).
Allelic diversities of the MIRU-VNTR loci. Table 2 shows the allelic diversities of the 12 MIRU-VNTR loci based on this collection of samples. Loci 10, 26, 31, and 39 were highly discriminative (Ն0.6), loci 4, 16, 23, 24, and 40 were moderately discriminative (Ն0.3), and loci 2, 20, and 27 were poorly discriminative (Ͻ0.3) when ranked according to the method of Sola et al. (24) . Overall, the allelic diversity of our sample was fairly high compared to two local collections of M. tuberculosis (7, 27) , but it was lower than that of a global collection which included 104 M. tuberculosis isolates (24) . This is consistent with our sample's origin from a heterogeneous population. Reproducibility of MIRU-VNTR typing. In order to check the reproducibility of MIRU-VNTR typing in our setting, we performed two independent blind typing tests with 24 isolates. The results were identical between the two tests, indicating that MIRU-VNTR typing had 100% reproducibility under our conditions.
DISCUSSION
Using the novel MIRU-VNTR typing method, we studied the genetic diversity of M. tuberculosis strains in Singapore. Four families of M. tuberculosis strains were identified, although the lineages of quite a number of strains remain to be recognized. Three of the four family strains are major worldwide epidemic strains, including W/Beijing, EAI, and Haarlem strains. W/Beijing strains appear to account for the largest number of strains in Singapore, which is not surprising because the majority of the Singaporean population is of Chinese descent and because tuberculosis affects the elderly, many of whom are first-or second-generation immigrants from mainland China. W/Beijing strains are also dominant in other countries of East and Southeast Asia, in addition to China, such as Mongolia, Vietnam, South Korea, and Thailand (1, 6, (20) (21) (22) 31) . In Malaysia and Indonesia, Singapore's closest geographical neighbors, the W/Beijing genotype represents 24 and 34% of the strains, respectively (8, 28) .
Another highly prevalent M. tuberculosis genotype family in Singapore is the EAI family, which is known to contain a high frequency of IS6110 low-copy-number (or zero-copy-number) strains (4, 15) . IS6110 low-copy-number strains, though not all belonging to the EAI family, are also prevalent in South India (9) and in other countries of Southeast Asia (8, 19, 32 (4) . Fully consistent with this, we found that all of the isolates assigned to the EAI family by MIRU-VNTR analysis (group I) were positive for the TbD1 region and that all of the remaining isolates, including those assigned to known modern M. tuberculosis genotype families (group II), were negative for the TbD1 region. This systematic association supports an evolutionary scenario in which the TbD1 deletion occurred as a single event in a common progenitor rather than as events occurring independently or occasionally in individual strains (4) .
Additionally, this perfect consistency between MIRU-VNTR typing and TbD1 typing for grouping ancestral and modern M. tuberculosis strains supports the claim that MIRU-VNTR types are useful genetic markers for phylogenetic analysis. Interestingly, all isolates that contained at least two alleles in locus 24 were included in the ancestral group, and all but three isolates that contained one allele in locus 24 were included in the modern group. Therefore, our results indicate that the use of locus 24 alone has an almost equal performance to the use of the TbD1 region as a marker for identifying ancestral and modern M. tuberculosis strains. This supports our previous contention that the selective use of some less-variable loci, such as this one, may be especially informative for evolutionary studies (26) .
In conclusion, MIRU-VNTR typing based on a capillary electrophoresis system offers convenience, automation, a short turnaround time, high throughput, and perfect reproducibility. The digital format of the MIRU-VNTR pattern allowed us to readily compare our results with previous results (24, 26) , illustrating the ease of interlaboratory comparisons by this method. Since there is a high proportion of EAI and W/Beijing strains in Singapore for which IS6110 RFLP and/or spoligotyping is poorly informative, MIRU-VNTR typing may be the method of first choice for M. tuberculosis strain typing in this country. 0  1 1  1  1  1  2  10  5  5 228  14  11  4  12  12  2  290 202  70  34 288  2  64  71  22  15  89  72  3  2  5 123 240  2  1  2 259  49 160 182  4  18  70  9  15  10  1  66  31  24  5  43  14  217  38  154  1  2  6  5  4  4 7  2 2  5  1  7  3  7  2  127  8  3  6  9  1  2 1992 SUN ET AL. J. CLIN. MICROBIOL.
